INTRODUCTION
Flexible manipulators are equipment designed to move objects from one point to another. Light weight flexible manipulators consume less power, and are cheaper and faster than their heavy rigid counterparts. Hence, they are used for various applications such as spray painting, welding, automatic micro-assembling, semiconductor manufacturing and so on. Flexible manipulators are thus used in many industries such as automotive, nuclear power plant, aerospace and space exploration [1, 2] . However, because of their flexible nature, these manipulators are prone to residual vibrations and oscillations due to flexible and rigid body motions of the system. This makes payload positioning difficult, especially when moving payloads of varying weight. Thus, due to these problems, various control approaches have been proposed by many researchers using control schemes such as feedback, feedforward, hybrid and robust controllers.
In feedforward control, various input shaping methods for the control of tip deflections and vibrations were presented in [3] , and their performance were assessed based on level of vibration reduction, response time analysis and robustness. In [4] , microcontroller based input shaping for the control of residual vibration is presented, assumed mode method is used to drive the dynamic model of the system and embedded input shaping performances and applications are compared.
In [5] , command shaping control techniques for vibration suppression was presented. Input shaping, low pass and band stop filters are experimentally investigated and assessed. Input shaping for eliminating vibrations using an offline learning method was proposed in [6] . The method proved effective and no additional sensor is required. Output-based input shaping for vibration control was presented in [7] . It is designed using the signal output of the target system, thus in addition to being robust, the problems of parameter uncertainty are avoided. In addition, various types of input shaping techniques, zero vibration (ZV), zero vibration derivative (ZVD) and zero vibration derivative-derivative (ZVDD) to suppress residual vibrations and oscillations have been proposed in [2, [7] [8] [9] [10] . PID control is very popular in the industry for feedback control [11] . Foe feedback rigid body motion control of a single link flexible manipulator using PID was presented in [12] .
In hybrid control, experimental investigations of hybrid input shaping and PID control of tip deflection and input tacking was presented in [13] . The performance of ZV-PID and ZVDD-PID was assessed based on input tracking and vibration reduction. In [14] , pneumatic drive active vibration control using an adaptive interactive PD controller was proposed. Pneumatic drive system is used as actuator which was used to control rigid body motion while adaptive interactive PD is also used for vibration and position control. Simulation and experimental results proved the effectiveness of this technique. A composite fuzzy logic control strategy using PD, PID and ZVDD for input tracking and vibration suppression are proposed in [15] . The control scheme's performance was assessed based on input tracking, vibration reduction and time response analysis. The use of optimal control such as LQR and LQG have been reported for robotic and other application [16, 17] . The flexible maneuvering system which also falls within the robotics application is prone to vibration at its end point. Thus, different techniques for vibration reduction and input tracking was proposed in [18] , LQR, LQR-PID and LQR-Input shaping was designed to control the hub angle and suppress residual vibrations in the system. Vibration and input tracking control using LQR and non-collocated PID was proposed in [19] . In [20] , a modified genetic algorithm using a tuned PD controller for vibration and input tracking control was proposed. Faster convergence and higher accuracy was achieved and the problem of premature convergence and stagnation were solved using this approach. In [21] , feedback linearization and input shaping control strategy to eliminate residual vibrations was proposed.
Simulation results proved the effectiveness of this technique.
In robust control, a control strategy robust to payload changes is presented in [22] . The control system was made up of two loops, the inner feedback loop to control the hub position while the outer loop (consisting of feed forward and feedback) to for control the tip deflection. Shape optimization of the revolute joint of the single link flexible manipulator for vibration suppression was presented in [23] . Various optimization problems were solved to study the performance of the model for vibration suppression. This paper proposes a hybrid control scheme where an output-based filter is incorporated with LQR and PID separately for vibration and position control of a single link flexible manipulator.
To test the robustness of the control schemes, the payload is varied from 0g to 30g, 50g and 70g
and their performances are compared in each case. The rest of the paper is organized as follows; section II presents system description and modeling of a single link flexible manipulator, section III presents control algorithms, section IV discusses results and performance of control algorithms, and section V gives the conclusion. 
Model of Single Link Flexible Manipulator
As mentioned in section II.a, finite element method was used with 10 numbers of elements to determine the dynamic behavior of the system. Hub inertia, payload and structural damping was also considered [6] . Since it is slender and long, rotary inertia effect and transverse shear are neglected. Elastic behavior of the system was modeled based on these assumptions using Bernoulli-Euler beam theory [3, 25] . Thus for an angular displacement θ(t) and a slight elastic deflection u(x,t), the total displacement can be given as
Thus, the fourth order partial differential equation representing this motion can be written as
where Ds is the damping constants and the matching boundary conditions are 
The respective elements mass and stiffness matrices Mn and Kn are assembled to form the systems mass and stiffness matrices M and K respectively. These new matrices are used in the Lagrange equation to obtain the dynamic equation of the manipulator as follows
where D is the damping matrix, F(t) is the external forces vector and Q(t) is the nodal displacement vector from (6) given as   00 ( ) ... where, Im is an identity matrix and 0m a null matrix both of the same dimension as M and K. 0mx1 is a null vector of dimension mx1.Thus, for position and residual vibration control, m= 2 and after substituting the respective value of the parameters given in Table 1 the filter is shown in Fig. 4 . In Fig. 5 , a typical LQR control structure is shown as given in [16] .
Adaptation of this structure to include the output based input shaping filter (OBF) is also shown in Fig. 6 . Subsequently, the design for the OBF filter and the LQR are given in sections IIIa and IIIb respectively. Unlike conventional input shaping in which natural frequency and damping ratio are used to calculate the filter's parameters, the output-based filter is designed using only signal output of the 376 target system. Hence the problem of parameter uncertainty is avoided. In this paper, a reference system used for the filter was designed based on the dynamic response of the single link flexible manipulator. To explain the basic principle of this technique, a second order system is considered as in [26] . 
Hence, the reference system is designed in the following form: 
If an output shaping filter 0 () Fs is designed as: 
Such that the product of ()
Thus with zero-pole cancellation, the resulting system will be just like the reference system. (15) The aim The aim is to obtain the values of filter gains ( ,, 1 2 a a a o ) so that zeros of () Fs cancel the poles of () Gs therefore,
and poles of () Gs are identical [26] . The reference system can be realized as:  is the bandwidth of the system and is selected based on the time response of the system, this system has little or zero vibration. A cost function is used to minimize the difference between the output of the reference system and that of the target system [27] .
where, ( ), ( ) t y t  and () r yt are the weighting factor, output of the target system and output of the reference. Hence, decomposing output of the target system, equation (17) (9) and it is further simplified as:
Therefore, equation (10) 
Hence, simplifying equations (10), (11) and (12) 
If (14) is further simplified, 
The filter gains 234 ,, a a a are obtained by solving (25) below through a MATLAB program. 
Thus, 
The LQR is an optimal controller that is very good in state and output regulations and input tracking [16] . It is a full state feedback controller. R is a weighting positive definite matrix which determines the control action of the system while Q is a positive semi-definite and directly affects the states of the system. These parameters are tuned to obtain the gain matrices K using the LQR MATLAB command. The performance index will be reduced so as to obtained optimal control [28] .
Therefore,
Then, optimal u can be obtained using any initial state (0)
Where, P is the solution of Riccati equation;
Using equation (28) 9, 10 and Table 3 . The values of the PID gain used are Kp=0. 22, Ki=0.4 and Kd=0.9 . From the two figures, it can be seen that the PID controller sensitive to change in the payload values. That is to say, as the payload is increased, the oscillation and overshoot increases. This leads to the values of overshoots shown in Table 2 . From the first figure, it can also be seen that the controller produced overshoot in all cases in the range of 6-13.7%. The settling time of the controller is also 
